Abstract The primary source of electric propulsion development throughout NASA is managed by the In-Space Propulsion Technology Project at the NASA Glenn Research Center for the Science Mission Directorate. The objective of the Electric Propulsion project area is to develop near-term electric propulsion technology to enhance or enable science mission while minimizing risk and cost to the end user. Major hardware tasks include developing NASA's Evolutionary Xenon Thruster (NEXT), developing a long-life High Voltage Hall Accelerator (HIVHAC), developing an advanced feed system, and developing cross-platform components. The objective of the NEXT task is to advance next generation ion propulsion technology readiness. The NEXT system consists of a highperformance, 7-kW ion thruster; a high-efficiency, 7-kW power processor unit (PPU); a highly flexible advanced xenon propellant management system (PMS); a lightweight engine gimbal; and key elements of a digital control interface unit (DCIU) including software algorithms. This design approach was selected to provide future NASA science missions with the greatest value in mission performance benefit at a low total development cost. The objective of the HIVHAC task is to advance the Hall thruster technology readiness for science mission applications. The task seeks to increase specific impulse, throttle-ability and lifetime to make Hall propulsion systems applicable to deep space science missions. The primary application focus for the resulting Hall propulsion system would be cost-capped missions, such as competitivelyselected, Discovery-class missions. The objective of the advanced xenon feed system task is to demonstrate novel manufacturing techniques that will significantly reduce mass, volume, and footprint size of xenon feed systems over conventional feed systems. The task has focused on the development of a flow control module, which consists of a three-channel flow system based on a piezo-electrically actuated valve concept. Component standardization and simplification are being investigated through the Standard Architecture task to reduce first user costs for implementing electric propulsion systems. Progress on current hardware development, recent test activities and future plans are discussed.' 2
NASA's Science Mission Directorate (SMD) conducts scientific exploration that is enabled by access to space. NASA's SMD is organized by Mission Directorates that focus on investigations of the Earth, Sun, Solar System and Universe. The focus of solar system exploration is to extend humanity's presence throughout the solar system through robotic encounters to the other planets and their moons, to asteroids and comets, and to icy bodies in the outer reaches of our solar system. The progression of robotic missions is from observers to rovers to sample return missions. Each step is bringing us closer to the principal scientific goals: to understand our origins, to learn whether life does or did exist elsewhere in the solar system and to prepare for human expeditions to the Moon, Mars, and beyond [1] . Such ambitious goals exceed the capabilities provided by conventional technologies and will ultimately require improved spacecraft capabilities such as those obtained by advanced propulsion technologies.
Within SMD the In-Space Propulsion Technology (ISPT) Project is responsible for developing advanced propulsion capabilities to enable or to enhance science missions. NASA Glenn Research Center (GRC) is responsible for managing the ISPT Project for SMD. Recently ISPT has focused on the development of advanced chemical propulsion, aerocapture, and electric propulsion [2] . In advanced chemical propulsion, developments have included ultra light-weight tanks, and high temperature thrusters. Aerocapture investment has developed new ablative thermal protection systems, and associated instrumentation as well as improved models for guidance, navigation, and control of blunt body rigid aeroshells, atmospheric models for Earth, Titan, Mars and Venus, and models for aerothermal effects. Investments in electric propulsion have focused on completing the NEXT ion propulsion system, a throttleable gridded ion thruster propulsion system suitable for future Discovery, New Frontiers, and Flagship missions. A novel Hall thruster concept has been developed to demonstrate a long-life, highly throttleable thruster ideally suited for cost capped missions, like NASA Discovery missions. A novel feed system is being developed, which will significantly reduce the mass and size of future electric propulsion xenon feed systems. Component standardization and simplification are being implemented through Standard Architecture activities to develop a digital control interface unit and simplified feed system. In addition to hardware development activities, ISPT performs mission analysis to assess system-level benefits in applying advanced propulsion technologies into robotic science missions [3] .
Conventional chemical propulsion uses a chemical reaction to heat combustion byproducts, which are vented through a nozzle creating directed kinetic energy. Ultimately the thruster performance is limited by the chemical energy from the combustion reaction as well as the material temperature limits of the rocket chamber. Electric propulsion bypasses this limitation by using electrical energy to ionize and accelerate the rocket (thruster) propellant. The higher thruster performance (or specific impulse) comes at a lower thrust level, necessitating longer thruster operation times. System mission studies must factor these differences in thruster operation profiles as well as component masses for other subsystem components, such as power processing units, feed systems, etc.
Electric propulsion systems are categorized by acceleration mechanism:
electrothermal, electrostatic and electromagnetic. Electrothermal thrusters use electrical power to heat propellants thermally by resistive heaters or by passing the propellants through an electrical arc. Electrostatic thrusters use electrical power to ionize the propellant (like xenon), which is accelerated through a voltage potential (or electrostatic forces). Electromagnetic thruster use electrical power to ionize the propellant, which is accelerated by Lorentz forces (or electromagnetic forces). Figure 1 , the NEXT system consists of a highperformance, 7-kW ion thruster; a high-efficiency, 7-kW power processor unit (PPU); a highly flexible xenon propellant management system (PMS); a lightweight engine gimbal; and key elements of a digital control interface unit (DCIU) including software algorithms [5] [6] [7] [8] [9] . The NEXT team consists of NASA GRC as technology project lead, JPL as system integration lead, Aerojet as Prototype (PM) thruster, PMS, and DCIU simulator developer, and L3
Communications ETI as PPU developer. This design approach was selected to provide future NASA science missions with the greatest value in mission performance benefit at a low total development cost. Technology validation and mission analysis efforts, conducted in Phase 1, indicated the NEXT propulsion system can provide the capabilities to achieve aggressive outer planetary science missions and that Phase 2 development was warranted. 
Recent Progress
The NEXT thruster and other component technologies represent a significant advancement in technology beyond state-of-art (SOA) NSTAR thruster systems. NEXT performance exceeds single or multiple NSTAR (NASA's Solar Electric Propulsion Technology Application Readiness) thrusters over most of the thruster input power range. Higher efficiency and specific impulse, and lower specific mass reduce the wet propulsion system mass and parts count. The NEXT thruster xenon propellant throughput capability is more than twice NSTAR' s, so fewer thrusters are needed. The NEXT power processor and propellant feed system technologies provide specific mass and performance benefits versus SOA technology, which translate into better science capability for a given spacecraft or mission. Comparisons of NEXT and SOA NSTAR performance characteristics are listed in Table 1 . The NEXT development task has also placed particular emphasis on key aspects of ion propulsion system (IPS) development with the intention of avoiding the difficulties experienced by the Dawn mission in transitioning the NSTAR-based technology to an operational ion propulsion system. These aspects are discussed in more detail later. The Prototype Model (PM1) thruster exhibited operational behavior consistent with its engineering model predecessors, but with substantial mass savings, enhanced thermal margins, and design improvements for environmental testing compliance [10] . A study of the thruster-to-thruster performance dispersions quantified a bandwidth of expected performance variations both on a thruster and a component level by compiling test results of five engineering model and one-flight-like model thrusters [11] . The thruster throughput capability was predicted to exceed 750 kg of xenon, an equivalent of 36,500 hours of continuous operation at full power [12] . The first failure mode for operation above a specific impulse of 2000 s is expected to be the structural failure of the ion optics at 750 kg of propellant throughput, 1.7 times the qualification requirement [12] . A Long-Duration Test (LDT) was initiated to validate and qualify the NEXT propellant throughput capability to a qualification-level of 450 kg, 1.5 times the mission-derived throughput requirement of 300 kg. As of November 30, 2007, the Engineering Model thruster has accumulated 13,200 hours of operation at the thruster full power of 6.9 kW as shown in Figure 2 . The thruster has processed 271 kg of xenon and demonstrated a total impulse of 1.1 x107 N-s; the highest total impulse ever demonstrated by an ion thruster [13] . undergo a series of acceptance tests and a cyclic life test to evaluate reliability [18] .
A multi-thruster array test (MTAT) was beneficial to address thruster and gimbal-specific questions that drive the configuration of the IPS components as well as the configuration of the final multi-thruster system test to be executed at the completion of Phase 2 as shown in Figure 4 . This MTAT utilized multiple engineering model (EM) NEXT ion thrusters as well as laboratory power consoles and laboratory propellant feed systems to operate multiple thrusters simultaneously. The [20] , array local plasma [21] , electron flowfield characteristics of the plume [22] , and neutralizer coupling characteristics [23] . Table 2 . A SOA prototype thruster designed to provide a 150 kg throughput has been fabricated and will be evaluated to confirm this capability. has an estimated mass less than 3 kg or an 80% mass reduction over the SOA. [25] .
Future Plans Plans include the continued wear testing of the thruster configuration leading to the design, fabrication and build of an engineering model thruster that can provide predicted thruster performance across the anticipated environmental conditions.
ADVANCED XENON FEED SYSTEM
Description An advanced xenon feed system task was funded to develop feed system components based on a novel diffusion bonding manufacturing technique. The task has been led by VACCO Industries and seeks to improve the reliability of ion propulsion feed systems while decreasing mass and volume over SOA (NEXT) xenon feed system technologies. To improve reliability, the entire system is both series and parallel redundant as shown in Figure 7 . software, fabrication and testing of the brassboard DCIU and documentation. The feed system task includes development of requirements for performance and interfaces, hardware design, hardware assembly for testing and documentation. The results from these tasks will be available to all users for incorporation in future EM designs. The completion of these tasks will conclude all investments and activities in Standard Architecture due to the lack of sufficient resources.
STANDARD ARCHITECTURE Description
Standard Architecture is a design philosophy, which focused on reducing first user costs through a simplified thruster string design that provides required system redundancy by including one additional thruster string. In addition Standard Architecture promises to reduce nonrecurring costs by investing in cross-platform design solutions to components such as the DCIU, PPU and feed systems, when it is applicable and beneficial to performance and cost.
Recent Progress
A study investigated several PPU designs for compatibility with multiple thruster designs. A comparison of engineering specifications to thruster operating parameters was completed. In addition the degree of difficulty to modify the various PPUs to operate thrusters of interest was assessed.
The results of the study indicate that the NEXT PPU design was the best candidate for cross-platform operation based on demonstrated operation as well as ease of design modifications and cost effectiveness to achieve full compatibility with both NEXT and SOA ion thrusters.
Another cost savings approach investigated and pursued is the integration of the DCIU into the PPU of an ion propulsion system. The addition of one control card in the PPU eliminates the need for a separate box and the associated qualification costs. The practice is common in hall propulsion systems, but has not been adopted by the ion propulsion community to date. 
